Terrestrial net primary productivity is often limited by the availability of fixed nitrogen (N) owing in large part to the mobility of N across ecosystem boundaries, particularly through denitrification. 10 Denitrification is dominantly a microbial process that converts nitrate (NO 3 − ) to nitrous oxide (N 2 O) and dinitrogen (N 2 ) gases. In terrestrial ecosystems, denitrification is thought to be the only process by which fixed N is converted to N 2 , thereby completing the nitrogen cycle. In aquatic systems, anammox bypasses the potential for N 2 O production as well as decreasing internal N cycling. Bacteria capable of anammox have been detected in soil, 11, 12 but the occurrence of anammox has not been demonstrated in terrestrial ecosystems. 13 The reduction of ferric iron (Fe(iii)) can be coupled to anaerobic ammonium (NH 4 + ) oxidation to produce N 2 (reference 14), NO 3 − (reference 14), or NO 2 − (references [4] [5] [6] . This process is termed Feammox 6 and theoretically could occur abiotically or be microbially mediated. There is some evidence of Feammox to NO 2 − in wetland soils, 4, 5 but Feammox to N 2 has not been previously described nor has Feammox been measured in upland soils. Feammox to N 2 is energetically more favorable than Feammox to NO 2 − or NO 3 − and is favorable over a wider range of conditions. Environments rich in poorly crystalline Fe minerals, such as highly weathered soils, have the potential to support Feammox. Under conditions typically found in soil, Feammox to N 2 using ferrihydrite, a common poorly crystalline Fe oxide, yields −245 kJ mol −1 reaction (see Supplementary Equations) through the following process (equation (1) 
This reaction remains energetically favorable over a wide pH range. Feammox to NO 2 − (equation (2)) occurs only below pH 6.5, stoichiometrically requires more Fe(iii) and yields less energy than Feammox to N 2 (−164 kJ mol −1 reaction) under the same conditions:
Feammox to NO 3 − is also thermodynamically feasible under these conditions (−207 kJ mol −1 reaction).
Feammox rates averaged 1.20 ± 0.28 μg N g −1 d −1 (±standard error of the mean) following the addition of both 15 NH 4 + and Fe(iii) to a tropical forest soil ( Figure 1a ). These rates are conservative estimates determined from 30 N 2 production alone and are comparable to gross aerobic nitrification rates in tropical forests. 7, 8, 15 Lower 30 N 2 production occurred following the addition of 15 NH 4 + alone (0.32 ± 0.13 μg N g −1 d −1 , p < 0.001), presumably resulting from the utilization of background Fe in the Feammox reaction. These soils are rich in poorly crystalline, reactive Fe (6.2 ± 0.2 mg Fe g −1 soil 16 ); thus, sufficient background Fe(iii) was available to drive 30 N 2 production with the addition of 15 Feammox directly to N 2 accounted for 47 (±27) to 72 (±9)% of 30 N 2 loss in the Fe(iii) and 15 NH 4 + treatment (see Supplementary Methods). We used acetylene (C 2 H 2 ) to separate direct N 2 production through Feammox from gaseous N loss through denitrification of Feammox-generated NO 2 − and NO 3 − . Acetylene blocks the reduction of N 2 O to N 2 (reference 18), allowing N 2 O produced from denitrification to accumulate in the headspace. The presence of C 2 H 2 decreased 30 N 2 production (p = 0.08; Figure 1a ), indicating that 53 ± 27% of 30 N 2 loss resulted from Feammox to NO 2 − or NO 3 − . The rate of Feammox to NO 2 − or NO 3 − estimated from the difference in 30 N 2 production with and without C 2 H 2 addition was 0.59±0.32 μg N g −1 d −1 . Based on N 2 O production rates in the presence of C 2 H 2 , approximately 0.33 ± 0.08 μg N g −1 d −1 was oxidized to NO 2 − or NO 3 − and then subsequently reduced to N 2 O through denitrification (28 ± 9% of 30 N 2 production). These two separate estimates suggest that Feammox directly to N 2 dominates as the gaseous N loss pathway.
We also measured significant 29 N 2 production following the addition of 15 NH 4 + alone (p = 0.03) and following the addition of Fe(iii) and 15 NH 4 + together (p < 0.001; Figure 1b ). The production rate of 29 N 2 was significantly greater following Fe(iii) and 15 In a time-series experiment 30 N 2 production occurred rapidly, within 1.5 h of adding 15 NH 4 + and Fe(iii) (Figure 2 ). The change in 30 N 2 mole fraction over 1.5 h was equivalent to Feammox rates of 0.48 ± 0.11 μg N g −1 d −1 . Feammox rates were relatively constant over 9 h and averaged 0.11 ± 0.01 μg N g −1 d −1 . These rates were lower than in the previous experiment, probably owing to the higher pH of the soil (pH 5.21 ± 0.28 relative to 4.27 ± 0.02). Theoretically Feammox rates will decrease as pH increases because the reaction becomes less thermodynamically favorable and the reactivity of Fe oxide minerals decreases as pH increases. 19 To test this we conducted a third experiment in tropical forest soils with an initial pH of 6.12 ± 0.03. The rate of 30 N 2 production following 15 NH 4 + and Fe(iii) addition was In a series of calculations, we estimate a potential Feammox rate of 1-4 kg NH 4 + -N ha −1 y −1 (0-10 cm depth). Incubations with added substrate may have stimulated Feammox under laboratory conditions and thus we used the theoretical ratios of 3-6 moles of Fe(iii) reduced per mole of NH 4 + oxidized based on the thermodynamic calculations instead of measured laboratory rates. Using this approach, only 0.4-0.8% of Fe reduction is attributable to Feammox. We assumed a mean Fe reduction rate of 25 μg Fe g −1 d −1 after weighting Fe reduction by the temporal O 2 dynamics previously measured at the field site. 20 This rate of Fe reduction is considerably lower than those measured in the anaerobic slurries, which may have also been stimulated under laboratory conditions (see Supplementary Methods). These results suggest that Feammox is roughly equivalent to total denitrification estimated for this forest. 9 Similar to denitrification and aerobic nitrification, Feammox is likely to be highly variable in space and time owing to spatial and temporal heterogeneity in substrate availability, redox potential, and pH.
Feammox provides alternative loss pathways of N from soils, decreasing N 2 O emissions if NH 4 + is oxidized directly to N 2 , or potentially increasing N 2 O emissions if Feammox results in NO 2 − or NO 3 − followed by incomplete denitrification. However, here we indicate that Feammox to N 2 is the dominant gaseous N loss pathway. Our estimates here have considered Feammox only in the top 10 cm of soil, but NH 4 + , Fe(iii) and reducing conditions also occur deeper in the soil profile, increasing the importance of this NH 4 + oxidation pathway.
Feammox is likely to occur in Fe-rich soils that experience periods of anoxia or contain anoxic microsites. Frequent low-redox events have been measured in upland soils in humid regions, during periods of rainfall, or when O 2 consumption exceeds diffusive resupply. [20] [21] [22] [23] [24] Even in well-drained soils, high rates of Fe reduction can occur in well-aggregated clay and organic colloids. 25 Feammox has not been considered in ecosystem or global models of N cycling and could change our estimates of total N losses from terrestrial environments.
Methods
We slurried surface soil (0-10 cm depth) from the Luquillo Experimental Forest. Fresh soil was collected for each experiment on different dates at different locations and was transported to the University of California within 24 h at ambient temperature in gas-permeable bags. Large roots, leaves, worms and rocks were removed by hand. The fresh soil was then slurried in a 3:1 ratio of milliliters of deionized water (DIW) to grams of soil (oven-dry equivalent). Slurry aliquots, 110 g each, were divided into 240 ml jars. We also prepared blank jars containing 100 ml DIW. The slurries and blank jars were pre-incubated in the dark in an anaerobic glove box for six days to deplete pre-existing O 2 , NO 2 − , and NO 3 − . Each experiment was entirely carried out in an anaerobic glove box (Coy Laboratory Products) equipped with palladium catalyst packs to remove O 2 and a gas analyzer to monitor O 2 concentrations, which remained at 0 ppm throughout the experiments. The glove-box headspace composition was approximately 90% N 2 , 8% carbon dioxide (CO 2 ), and 2% hydrogen.
We carried out a series of three experiments. In the first experiment, we incubated soil with the following treatments to determine if Feammox occurs in soils and to identify the relative importance of the Feammox pathways: 15 + , Fe(iii), and C 2 H 2 addition; and soil-free jars (blanks) containing DIW (n = 8 per treatment). We sampled the jar headspace gas after 24 h of incubation. In the second experiment, we determined the timescale at which Feammox occurs after the addition of 15 NH 4 + and Fe(iii) (n = 8). We sampled headspace gas from the same jars at 1.5 h intervals up to 9 h after NH 4 + and Fe(iii) addition. We calculated 30 N 2 production rates for each sample from the linear change in 30 N 2 mole fraction between two given time points. In the third experiment, we measured Feammox rates in soil at higher pH (≥ 6) to determine the effect of pH on Feammox rates. We incubated soil slurries with the following three treatments: 15 7, 8, 26 At each sampling time point, each jar was shaken vigorously to equilibrate the N 2 between dissolved and gas phases. Duplicate gas samples were taken with gas-tight 500 μl syringes equipped with zerovolume stopcocks and immediately analyzed for isotopic composition for 29 N 2 and 30 N 2 mole fraction. A detailed description of the 15 N 2 gas analysis technique is given in the Supplementary Methods. A third gas sample (50 ml) was stored for analysis of N 2 O concentration on a Shimadzu GC-14A equipped with an electron capture detector.
After the final gas sampling, the slurries were subsampled for pH measurement using a pH electrode (Denver Instruments) and then extracted in 2 M KCl for colorimetric analysis of NH 4 + and NO 3 − using an autoanalyzer (Lachat Quik Chem flow injection analyzer, Lachat Instruments). The extracts were shaken with phosphate and filtered to remove Fe that could interfere with colorimetric NO 3 − analysis. 27 In the third experiment, we also used a 0.5 N HCl extraction to determine acid-extractable Fe(ii) concentration. Owing to the high Fe(ii) concentrations in the extracts, we used a modified ferrozine method 25 to quantify Fe(ii) concentrations on a Genesys 20 spectrophotometer (ThermoFisher). Iron reduction rates were calculated from the linear change in Fe(ii) concentrations between sampling time points. All extractions were carried out in the anoxic glove box.
We For the first experiment, the jars were sealed immediately after the treatment solutions were pipetted into the anoxically pre-incubated slurries with custom-made viton gaskets and aluminum lids equipped with 1/8" Swagelok o-seal fittings and septa for gas sampling. For the second and third experiments, the slurry jars were sealed 24 hours before the treatment solutions were injected into the jars. For all experiments, the jars remained sealed until after the last gas sampling. To begin the incubations, 1 mL of each treatment solution was added. For the 15 NH 4 + only treatment, 1 mL DI was added in lieu of the Fe(III) solution. For the C 2 H 2 treatment, 50 mL headspace gas was removed and replaced with 50 mL C 2 H 2 to achieve 30 % C 2 H 2 in the headspace. Previous tests showed that lower concentrations of C 2 H 2 did not completely inhibit N 2 O reduction. The C 2 H 2 was generated from calcium carbide and de-gassed DI inside of a pre-evacuated vial that had been flushed with helium three times. All jars were shaken vigorously to distribute the treatment solutions and dissolve the C 2 H 2 .
3
Gas Analysis
For the first experiment, 100 µL gas samples were immediately analyzed for 15 
Statistical Analyses
We performed all statistical analyses using SYSTAT Version 10 (SPSS Inc., Evanston, IL). We log-transformed data as needed to meet the assumptions of student's ttests. We performed two-tailed student's t-tests to compare 29 We determined the moles of total headspace N 2 in the jars by using the ideal gas law. The atmospheric pressure was assumed to be 1 atm, and the air temperature was maintained at 24 C throughout the experiments. The jar headspace volume was calculated from the empty jar volume (240 mL) and the weight of the slurry, which was 75 % water (density, 1 g cm -3 ) and 25 % dry soil equivalent (bulk density, 0.63 g cm -3 [33] ). The background air in the glove box was approximately 90 % N 2 , and we assumed that the N 2 concentration did not change detectably during the incubation.
Sensitivity analyses show that a 5 % error in the assumed N 2 concentration translates into a 5 % error in the calculated NH 4 + oxidation rates. 
Supplementary Discussion
We took multiple precautions to remove molecular O 2 from the soil slurries and thus prevent the contribution of aerobic nitrification to NH 4 + oxidation. We note that our procedures were similar to or more rigorous than those typically used for quantification of anammox [1] [2] [3] . The experiments were performed entirely inside an anaerobic glove box which was maintained at O 2 concentrations below 1 ppm (the detection limit of the gas analyzer 
Supplementary Equations
Calculation of the Thermodynamic Favorability of Feammox Reactions 9 The change in Gibbs free energy was calculated to determine thermodynamic favorability of balanced Feammox reactions using the following equation:
Where:
For the generalized reaction: 
